Using numerical time propagation of the electron-hole wave function, we demonstrate how various coherent correlation effects can be observed by laser excitation of a nanoscale semiconductor quantum dot. The lowest-lying states of an electron-hole pair, when appropriately excited by a laser pulse, give rise to charge oscillations that are manifested by beatings in the optical or intraband polarizations. A GaAs 5ϫ25ϫ25 nm 3 dot in the effective-mass approximation, including the screened Coulomb interaction between the electron and a heavy or light hole, is simulated. © 1997 American Institute of Physics. ͓S0003-6951͑97͒01909-8͔
Semiconductor quantum dots with dimensions of the order of an exciton diameter ͑20 nm in GaAs͒ have unique optical properties due to the competition between confinement and correlation. 1 We demonstrate in this letter, by numerical time propagation including the screened Coulomb interaction, that coherent optical excitation of a few lowlying electron-hole-pair states gives rise to pronounced, measurable, correlation-induced beatings in the optical ͑in-terband͒ and intraband polarizations. These effects are important for two reasons: first, optical properties, e.g., the excitonic recombination rate, can be optically modulated, which may lead to new photonic applications; and second, the quantum dot is a new system, besides atoms, in which confined correlated electrons can be studied. The theoretical work on excitations in quantum dots was pioneered by Bryant, who applied configuration-interaction methods to obtain the correlated bound states.
2 Several geometries and materials have since been discussed, 3-7 but the focus has been on unperturbed low-lying states, and on linear response. Our work addresses real-time dynamic correlation and coherence in quantum dots.
Experimentally, several types of nanoscale dots have been fabricated, and recent single-dot experiments have shown that the lowest-lying states often have sharp spectral features ͑50 eV͒, 7, 8 proving that true 0D structures with well-defined optical properties can be realized. It is, therefore, timely to discuss what new applications and physics to expect.
We use a prototypical GaAs ͑⑀ϭ13, E gap ϭ1.5 eV, m e ϭ0.07m 0 , m HH ϭ0.5m 0 , m LH ϭ0.08m 0 ) quantum dot of size 5ϫ25ϫ25 nm 3 ͑denoted x, y, and z directions, respectively͒. Within the effective-mass approximation, we treat either an electron-heavy-hole or an electron-light-hole pair confined in the dot. We assume infinite potential walls and use sinusoidal basis orbitals, with 1ϫ4ϫ4 orbitals for each particle giving convergence to within 1%. The Coulomb matrix elements are treated exactly within the orbital space. Two types of external fields are used: ͑i͒ optical laser pulses that interact via the optical dipole matrix elements; and ͑ii͒ far-infrared ͑FIR͒ laser fields that couple to the intraband dipole matrix elements in the z direction. Generally, an optical laser creates electron-hole pairs, while a FIR field polarizes the particles in the dot. Depending on symmetry and selection rules, we need, at most, 257 Slater determinants. The time propagation is performed with a Taylor-expansion method 9 ͑typically, fifth order with a 0.5 fs time step͒. We analyze the optical properties of the dot in terms of the time dependence of the optical and intraband polarizations. These observables are readily obtained numerically, since the operators involved are the same as those that couple to the external fields. However, it is not presently clear how to make the measurements experimentally. For quantum wells, time-resolved photoluminescence or four-wave mixing are commonly used. Being unable to mimic a particular experimental method, we assume that the polarizations can be measured directly or indirectly.
For the electron-heavy-hole system, the determinantal compositions of the four lowest-lying states are shown in Table I . ͓Notation: n is the quantum number of a sinusoidal orbital with nϪ1 nodes; a determinant is denoted FIG. 1. Hole density distributions for the four lowest-lying states of the electron-heavy-hole pair. The determinantal compositions are given in Table I . (n ey ,n ez ;n hy ,n hz ); n x is always 1 for both electrons and holes.͔ Due to the electron's lighter mass, the states are all due to hole excitations. The corresponding hole charge distributions are shown in Fig. 1 . Assuming an s-type conduction and p-type valence band, of the determinants shown, only the ͑1,1;1,1͒ determinant is radiative ͑the recombination selection rule is n ey ϭn hy and n ez ϭn hz ). 10 This determinant is strongly coupled by the Coulomb interaction to the determinants ͑1,1;3,1͒ and ͑1,1;1,3͒. Consequently, states 1 and 3 can be optically excited; state 2 has odd parity in the z direction and couples to state 1 via a FIR field; and state 4 is a dark ͑optically decoupled͒ state.
With an initially empty dot, a laser pulse of a bandwidth close to the 16 meV energy separation of states 1 and 3 can create an electron-hole pair into a coherent superposition of the two states, which leads to beatings in the optical polarization ͑Fig. 2͒. The polarization is proportional to the timedependent ͑1,1;1,1͒ coefficient. For a given bandwidth, there is an intermediate frequency at which the hole momentarily becomes nonradiative ͓no ͑1,1;1,1͒ component͔, the corresponding extrema of the oscillating charge distributions are shown in Fig. 3 . The hole beats ''radially'' around the essentially immobile electron.
Another kind of charge oscillations that periodically puts the electron-hole pair into a nonradiative state is resonant Rabi oscillations between states 1 and 2 caused by a FIR field. Here, an optical pulse creates a pair in state 1, while a FIR laser drives the pair resonantly between state 1 and 2 with a Rabi frequency proportional to the field strength. 11 This driving leads to beatings both in the optical and the intraband polarizations ͑Figs. 4 and 5͒. The intraband polarization is strongest at equal mixing of the states, while the pure states are unpolarized. While for a two-level system this is strictly true, in our case the higher-lying states dynamically couple to state 2, leading to an imperfect minimum.
In contrast to the heavy-hole system, where the electron is passive, similar experiments in the light-hole system involve true dynamic correlations. Table II shows the composition of the four lowest-lying electron-light-hole states of even parity ͑see Fig. 6͒ . Note in states 2 and 4 the coupling between the radiative ͑2,1;2,1͒-and nonradiative ͑3,1;1,1͒-type determinants, which coupling is a pure correlation effect since both the electron and the hole quantum numbers change. States 2 and 4 can be coherently excited by a laser pulse of about 12 meV bandwidth ͑state 3 is dark͒. This leads to a beating in the optical polarization ͑Fig. 7͒ that is a pure correlation effect. The charge oscillations are now more subtle, but again the electron-hole pair oscillates between a radiative and a nonradiative state.
In conclusion, we have shown for a prototypical quantum dot that strong correlation effects can be observed by relatively simple coherent excitations of a few low-lying states. An electron-hole pair can be made to oscillate in and out of a nonradiative state, which makes the effect observable in the first place, but also opens the possibility of controlled optical modulations of the optical properties. Table I . For each of the four frequencies the electron-heavy-hole pair is created by a 3.3 ps laser pulse ͑maximum field ϭ 6.7ϫ10 Ϫ6 a.u.ϭ3.4ϫ10 6 V/m͒. In curve 3, where ϭ1.744 eV, the electron-hole pair periodically reoccurs in a nonradiative state ͓i.e., no ͑1,1;1,1͒ component͔. The density distributions at maximum and minimum optical polarization in curve 3 are shown in Fig. 3.   FIG. 3 . Density distributions at maximum and minimum optical polarization for curve 3 in Fig. 2.   FIG. 4 . Rabi oscillation between states 1 and 2 in Table I due to a resonant FIR field ͑maximum FIR fieldϭ3.3ϫ10 Ϫ7 a.u.͒. Initially, the electron-hole pair is created in state 1 by a 7.2 ps laser pulse ͑maximum laser fieldϭ3.3 ϫ10 Ϫ6 a.u.͒. Since state 2 is nonradiative, the optical polarization amplitude ͑top, dashed curve͒ follows the beating in the population of state 1 ͑top, solid curve͒. The density distributions at maximum and minimum optical polarization are shown in Fig. 5 . Maximum intraband polarization ͑bottom curve͒ is obtained with equal population of both states, while each state alone is unpolarized .   FIG. 5 . Density distributions at maximum and minimum optical polarization for the situation in Fig. 4 .
Clearly, inhomogeneous broadening and fluctuations in the laser pulses will smear the perfect minima of the numerical simulations. However, since the ideal dot has perfect minima there is hope that a realistic ensemble of dots will have observable beatings. It is also important that only a few low-lying states are involved, since they have been found experimentally to have sharp spectral features. Table II . The beating is a pure correlation effect. The electron-hole pair is created by a 4.3 ps laser pulse ͑maximum fieldϭ5.0ϫ10 Ϫ6 a.u.͒ at ϭ1.967 eV, which frequency gives the lowest minimum in the correlated case. 1;3,1) Ϫ0.09 0.31 0.00 0. 79  A(2,1;2,1) 0.00 0.00 0.89 0.00
